Rice production depends on water availability and carbon fixation by photosynthesis. Therefore, optimal control of stomata, which regulate leaf transpiration and CO 2 absorption, is important for high productivity. SLOW ANION CHANNEL-ASSOCIATED 1 (SLAC1) is an S-type anion channel protein that controls stomatal closure in response to elevated CO 2 . Rice slac1 mutants showed significantly increased stomatal conductance (g s ) and enhanced CO 2 assimilation. To discern the contribution of stomatal regulation to rice growth, we compared g s in the wild type (WT) and two mutants, slac1 and the dominant-positive mutant SLAC1-F461A, which expresses a point mutation causing an amino acid substitution (F461A) in SLAC1, at different growth stages. Because the side group of F461 is estimated to function as the channel gate, stomata in the SLAC1-F461A mutant are expected to close constitutively. All three lines had maximum g s during the tillering stage, when the g s values were 50% higher in slac1 and 70% lower in SLAC1-F461A, compared with the WT. At the tillering stage, the g s values were highest in the first leaves at the top of the stem and lower in the second and third leaves in all three lines. Both slac1 and SLAC1-F461A retained the ability to change g s in response to the day-night cycle, and showed differences in tillering rate and plant height compared with the WT, and lower grain yield. These observations show that SLAC1 plays a crucial role in regulating stomata in rice at the tillering stage.
Introduction
Stomatal regulation plays a key role in two important plant processes: carbon dioxide (CO 2 ) uptake that is required for photosynthesis; and transpiration, which enhances nutrient uptake. In many plants including rice (Oryza sativa L.), stomatal conductance (g s ) is closely correlated with leaf photosynthesis (e.g. Wong et al. 1979 , Ohsumi et al. 2007 ). In rice, g s is a key parameter for determining potential productivity and yield (e.g. Horie et al. 2006) . Because the g s value does not correlate with stomatal density (number of stomata per unit leaf area) (Ohsumi et al. 2007) , g s seems to be determined largely by the degree of stomatal aperture in rice. Therefore, some researchers have hypothesized that artificially manipulating the stomatal aperture could improve productivity and yield in rice as well as in other crops (reviewed in Yamori et al. 2016) .
The movement of osmoregulatory ions through several types of ion channels controls stomatal aperture (Hetherington and Woodward 2003, Kim et al. 2010) . Blue light activates a guard cell H + -ATPase that hyperpolarizes the plasma membrane, thereby driving K + uptake through inward K + channels and causing stomatal opening (Kinoshita and Hayashi 2011) . Conversely, during stomatal closure, anion channels are activated by various environmental stimuli such as a high CO 2 concentration, ozone or the plant hormone ABA. The efflux of anions induces plasma membrane depolarization and consequent activation of outward K + channels that cause stomatal closure (Kim et al. 2010 , Negi et al. 2014 .
SLOW ANION CHANNEL-ASSOCIATED 1 (SLAC1) is an S-type anion channel protein originally isolated from Arabidopsis that plays a key role in stomatal closure (Negi et al. 2008 , Vahisalu et al. 2008 , Hedrich and Geiger 2017 . SLAC1 localizes specifically to the plasma membrane of guard cells and forms a trimer, with each subunit independently forming a channel pore (Chen et al. 2010) . SLAC1 has four homologs (SLAH1-SLAH4) in Arabidopsis (Negi et al. 2008 , Vahisalu et al. 2008 . Although SLAH3 is also involved in stomatal closure (Geiger et al. 2011 ), SLAC1 is the major regulator of stomatal closure, at least in response to CO 2 and ABA. Loss-of-function mutations in SLAC1 strongly impair S-type anion channel activity and inhibit stomatal closure in Arabidopsis (Negi et al. 2008 , Vahisalu et al. 2008 . Previously, we characterized the rice ortholog of SLAC1 (Kusumi et al. 2012 ) and isolated the rice slac1 mutant that had three amino acid substitutions (R268K, A356V and G372K) in the SLAC1 protein. Detailed comparison with the elucidated crystal structure of the bacterial homolog TehA showed that A356 and G372 were located within the transmembrane region whereas R268 was located in the intracellular helix region (Kusumi et al. 2012) . Measurements of gas exchange in the slac1 mutant grown under well-watered conditions showed that the g s and photosynthetic rate were significantly higher in the mutant than in wild-type (WT) plants (Kusumi et al. 2012 ). These observations reveal that the slac1 mutant was impaired in activation of SLAC1 channel activity, and suggest that rice SLAC1 is functionally conserved with SLAC1 in Arabidopsis.
In this study, we investigated changes in g s throughout rice development in slac1 and a dominant-positive mutant SLAC1-F461A expressing mutated SLAC1 in which the phenylalanine residue potentially representing the anion gate (F461) was replaced with alanine. In both mutants as well as in the WT, the g s values were relatively higher at the tillering stage than at other stages, and there were significant differences in g s values between the WT and the two mutants at this developmental stage. Biomass and grain yield were also reduced in both mutant lines. These results suggest that SLAC1 activity is important for rice growth at the tillering stage.
Results

Effects of SLAC1 modification on stomatal regulation
The function of the rice SLAC1 gene, Os04g0674700, was originally designated based on protein sequence identity and comparison of exon-intron structures. These features of the SLAC1 gene were shown to be significantly similar to those of Arabidopsis SLAC1 but quite different from those of other SLAC/SLAH homologs (Vahisalu et al. 2008 , Kusumi et al. 2012 . A quantitative real-time PCR (RT-PCR) analysis showed that the abundance of SLAC1 transcripts was about 22 times higher in the leaves of 3-week-old seedlings than in the roots (Fig. 1A) . To investigate the spatial regulation of SLAC1 expression more precisely, we generated stable transgenic rice lines [spp. japonica cv. Taichung 65 (TC65)] expressing the GUS reporter gene under the control of a 1.3 kb sequence of the 5 0 -regulatory region of SLAC1 (pSLAC1::GUS). We observed GUS (b-glucuronidase) expression in the guard cells of developing leaves of T 1 pSLAC1::GUS plants (Fig. 1B, C) . Also, GUS staining was clearly observed even in the developing immature leaves just before emergence, consistent with previous reports showing that stomatal development in rice epidermis occurs in differentiating young leaves (Itoh et al. 2005 , Kusumi et al. 2012 . We previously reported that the slac1 mutant, which has three amino acid substitutions within SLAC1 (R268K, A356V and G372K), had a lower leaf temperature and significantly higher g s , photosynthetic rate (A) and ratio of internal [CO 2 ] to ambient [CO 2 ] (C i /C a ) compared with WT plants (Kusumi et al. 2012) . Structural analyses of Arabidopsis SLAC1 using the crystal structure of a bacterial homolog (Haemophilus influenzae) TehA revealed that the SLAC1 protomer is composed of 10 membrane-spanning helices (TM 1 -TM 10 ) arranged in two layers with quasi-5-fold symmetry ( Supplementary Fig. S1A ) (Chen et al. 2010) . Among the three amino acid residues substituted in the slac1 mutant, A356 and G372 are highly conserved among other SLAC/SLAH homologs and are located in TM 5 and TM 6 , respectively. R268 was located in the intracellular helix region (H 2,3 ). While their roles on the regulation of SLAC1 activity remain undefined, it is highly likely that these amino acid substitutions prevent channel opening, which is required for stomatal closure.
The central pore of the SLAC1 protomer is estimated to be formed by the inner five-helix transmembrane ring composed of TM 1 , TM 3 , TM 5 , TM 7 and TM 9 ( Supplementary Fig. S1A ) (Chen et al. 2010 ). The pore is estimated to be occluded by the side chain of the phenylalanine residue (in Arabidopsis SLAC1, F450) located in the center of TM 9 ( Supplementary  Fig. S1B ). Oocyte electrophysiology experiments demonstrated that mutation of this phenylalanine turned Arabidopsis SLAC1 and SLAH2, and bacterial TehA into an open anion channel (Chen et al. 2010 , Maierhofer et al. 2014 . In Arabidopsis, replacement of F450 by alanine (F450A) caused constitutive stomatal closure due to an efflux of anions from guard cells (Yamamoto et al. 2016) , suggesting that F450 acts as a gate that regulates the SLAC1 anion channel. This phenylalanine residue is conserved throughout the entire SLAC1/SLAH protein family ( Supplementary Fig. S1B ), and it corresponds to F461 in rice SLAC1. To examine whether F461 in rice SLAC1 functions as a gating residue, we generated transgenic rice plants expressing a mutant SLAC1 protein in which F461 was replaced with alanine (SLAC1-F461A). Following transformation, 15 primary transformants (T 0 generation) with SLAC1-F461A constructs were obtained. The seeds from RT-PCR analysis of SLAC1 transcript levels in leaf and root tissues of the WT (Taichung 65; TC65). Transcript levels of SLAC1 were normalized based on expression of UBQ10. Data are means ± SD from five independent seedlings. An asterisk indicates a statistically significant difference (P < 0.001; one-way ANOVA with Tukey's test). (B and C) Histochemical GUS localization in leaves of the 2-week-old TC65 pSLAC1::GUS transformants. GUS staining was examined in leaf cross-sections (B) and epidermal peels (C). Scale bars = 50 mm for (B) and 10 mm for (C). primary transformants were sown and six T 1 progeny were used for further examination. T 1 transgenic plants with different expression levels of SLAC1-F461A (F461-1-F461-6) were selected by quantitative RT-PCR analysis ( Supplementary Fig. S2A ) and porometric analysis ( Supplementary Fig. S2B ). Because the stomatal aperture is much smaller in rice ($1.5 mm) than in Arabidopsis ($6.0 mm), it is difficult to measure pore width accurately by light microscopy. Therefore, we evaluated the degree of stomatal opening by comparing the g s values. Since F461-6 showed the lowest g s value with high SLAC1 expression, it was named SLAC1-F461A and was used in the analyses for the remainder of this study. We confirmed that SLAC1-F461A plants of the T 2 generation retained the low g s value.
Porometric measurement of the g s of mature, uppermost leaves of plants grown for 3 weeks in the greenhouse showed that the SLAC1-F461A leaves had a much lower g s ($70% lower) than that of untransformed WT leaves ( Fig. 2A) , whereas the g s of the slac1 mutant was about 75% higher than that of the WT. Next, we measured water loss (decrease in weight) of the uppermost, mature leaves excised from plants grown for 3 weeks in the greenhouse (Fig. 2B) . The slac1 leaves lost approximately 70% more water than did the WT leaves during the 3 h after excision. Conversely, the water loss rate of the SLAC1-F461A leaves was about 30% slower than that of the WT leaves during the same time period.
To discern stomatal limitation to photosynthesis, an A/C i response analysis (CO 2 assimilation rate vs. calculated internal CO 2 concentration) was conducted under saturating light conditions with C i concentrations ranging between 50 and 1,200 mmol mol -1
. Mature leaves of slac1 and SLAC1-F461A plants showed slightly increased and decreased CO 2 assimilation rates, respectively, compared with the leaves of the WT plants (Fig. 2C) . Compared with the WT, the slac1 mutant showed, on average, a 22% and 48% higher C i /C a ratio at 370 and 800 p.p.m. C a , respectively (Fig. 2C) . Conversely, C i /C a was 10% and 14% lower in SLAC1-F461A leaves at 370 and 800 p.p.m. C a , respectively.
A comparison of stomatal density in the middle portion of the uppermost leaves of plants at the tillering stage revealed that the expression of SLAC1-F461A as well as slac1 mutation did not cause a significant change in stomatal density in either the adaxial or abaxial epidermis (Fig. 2D ). These observations suggest that F461 in rice SLAC1 functions as a gating residue and that F461A mutation causes stomatal closure which leads to suppression of respiration and CO 2 uptake.
Growth stage dependency of SLAC1 in controlling g s Stomatal aperture is determined not only by environmental conditions, but also by the physiological status of the plant. In many plants, the maximum daytime g s values differ widely among different growth stages. In rice, the maximum leaf g s was shown to be higher at the tillering stage [35-55 days after transplanting (DAT)] than at later stages (Inoue et al. (1984) . Maruyama and Kuwagata (2008) showed that the bulk g s (mean g s in the vegetation canopy) also decreased after the tillering stage. To evaluate the contribution of SLAC1 to regulating stomata during development, the g s was measured in slac1, SLAC1-F461A and WT leaves at different developmental stages.
In all three lines, the g s values were relatively higher in the period corresponding to the active tillering stages (35-55 DAT) than in other periods (Fig. 3) . The g s values in the WT, slac1 and SLAC1-F461A at 46 DAT were about 3.0, 3.2 and 5.0 times higher, respectively, than those at 96 DAT, which corresponds to the booting stage. Throughout the experimental period, the g s values of the WT tended to be higher than those of SLAC1-F461A and lower than those of slac1. This trend was significant during the tillering stage. At 46 DAT, the g s value of slac1 (2,056 mmol m ) was about 70% lower than that of the WT. High g s values during the tillering stage are consistent with previous reports, and the significant differences in g s between mutants and the WT at the tillering stage suggest that the major contribution of SLAC1 to stomatal closure occurs at this stage.
In rice, differences in leaf position are generally reflective of leaf age and physiological state, such as the photosynthetic capacity and/or nitrogen content (Suzuki et al. 2009 ). Leaf position also affects g s . Because lower leaves are physiologically older than upper leaves, a gradient of these parameters forms along with leaf age in each tiller. In plants at the tillering stage, the nitrogen content, Rubisco content and CO 2 assimilation rate of the uppermost, fully expanded leaves were shown to be greater than those of lower leaves or expanding immature leaves (Suzuki et al. 2009 ). A similar observation was reported for plants at the booting stage (Zhang et al. 2005 ). Because g s parallels the capacity for carbon assimilation and nitrogen content (Ishihara et al. 1978 , Hirasawa et al. 2010 , Shimoda and Maruyama 2014 , developing leaves seem to modulate stomatal regulation. As the stomatal aperture is a main limitation for photosynthesis, we examined the effect of the SLAC1 mutations on the g s of leaves at different positions. In the WT and slac1 at the tillering stage, the g s values were higher in the fully expanded first (uppermost) leaves of main culms than in the older second and third leaves (Fig. 4A ). The g s values of the third leaves of WT and slac1 plants were 32% and 36% lower, respectively, than those of the first leaves. In contrast, the g s values of slac1 tended to be higher than those of the WT by 5-25%. The g s values of the first leaves of SLAC1-F461A were about 60% lower than those of the WT, and tended to be higher at lower leaf positions (Fig. 4A) . In the oldest third leaf, we did not detect statistically significant differences in g s between WT and mutant plants. The lower g s values of older, WT leaves were shown to be related to reduced photosynthesis and CO 2 assimilation (Suzuki et al. 2009 ). The small difference in g s of older leaves between the WT and the mutants suggested that SLAC1 activity makes a greater contribution to stomatal regulation in young leaves. Overall, the g s values at the booting stage were significantly lower than those at the tillering stage (Fig. 4B) . Although a similar leaf age dependency was observed in all three lines, the differences in g s between the WT and g s were not statistically significant for all leaves. The heading dates for slac1 (92 DAT) and SLAC1-F461A (96 DAT) were delayed by 11 and 15 d, respectively, compared with the WT (81 DAT).
Diurnal variations in g s in slac1 and SLAC1-F461A plants Diurnal changes in g s in individual leaves have been reported for rice (e.g. Inoue et al. 1984, Maruyama and Kuwagata 2008) as well as for other plant species (Kosugi et al. 2003 , Uddling et al. 2005 . Under well-watered conditions, g s generally increases rapidly during the day, reaching a maximum at around noon and in parallel with increases in air temperature and light intensity. For the rest of the day, g s gradually decreases until early evening, mainly due to water deficit within the shoots. To examine the effect of modifying SLAC1 on diurnal stomatal regulation, porometric measurements of the g s of the uppermost, mature leaves were conducted in the morning (9:00 h), at midday (13:00 h) and in the evening (17:00 h) using plants at the late tillering stage (50 DAT). In the WT, there were the usual diurnal changes in g s , with higher values at midday than in the morning and the evening (Fig. 5) . The slac1 mutant showed a similar pattern of diurnal variation; the values at midday and in the evening were significantly higher than those of the WT (1.3-and 6.5-fold, respectively), whereas there was no significant difference in the morning. In the SLAC1-F461A mutant, the g s values were not significantly different between morning and midday (Fig. 5) , but tended to increase; then, from midday to evening, the g s decreased by 90%. These diurnal g s variations in the slac1 and SLAC1-F461A mutants suggest that there is an SLAC1-independent mechanism that causes stomatal closure.
In the WT plants, the g s values were higher in the morning than in the evening (Fig. 5) because of a decrease in leaf water potential, as reported previously (Inoue et al. 1984, Maruyama and Kuwagata 2008) . Conversely, in the slac1 mutant, g s was 23% lower in the morning than in the afternoon (Fig. 5) , probably because of altered stomatal closure caused by SLAC1 deficiency.
SLAC1 mutations affect plant architecture and grain yield in rice
Tillering plays an important role in determining rice yields since this developmental stage is closely related to sink and source activity and panicle number (Yoshida 1981) . Too few tillers result in lower photosynthesis, smaller sink capacity and fewer panicles, but excess tillers can also have negative effects such as higher tiller mortality, small panicles and poor grain filling. Because g s values at the tillering stage were greatly affected in slac1 and SLAC1-F461A (Fig. 3) , tillering and consequent yields might be affected in these mutants. Therefore, we examined the phenotypes and yields of the slac1 and SLAC1-F461A mutant plants grown under greenhouse conditions.
The slac1 mutation did not affect plant height or grain number per panicle (Fig. 6A, B, G) . The grain number per panicle was not affected in the slac1 mutant, but the total number of filled grains per plant was significantly reduced by about 43%, mainly due to a decrease in the number of productive tillers per plant (Fig. 6D-F) . In particular, the dry weight of the aerial parts of slac1 at harvest was only 23% of that of the WT. Drought stress before or during the tillering phase was shown to reduce the number of tillers and panicles (Bouman et al. 2007) . Considering the higher g s of slac1 compared with the WT throughout plant development (Fig. 3) , it is probable that enhanced transpication was responsible for reduced tillering in the slac1 mutant. On the other hand, SLAC1-F461A plants were slightly shorter than WT plants, and had more tillers. The dry weight of the aerial parts of SLAC1-F461A plants at harvest was 85% of that of the WT. Although there were fewer grains per panicle in SLAC1-F461A than in the WT, the total number of filled grains per plants was comparable between SLAC1-F461A and the WT, mainly due to an increase in the number of productive tillers per plant (Fig. 6F) and decrease in the grain weight (Fig. 6D) .
These results indicate that mutations in SLAC1 can cause yield losses and decreased stress tolerance. Because the g s of SLAC1-F461A was constitutively lower than that of the WT, the most likely explanation for the shorter plants and reduced dry weight of the mutant is depressed photosynthesis corresponding to a decrease in transpiration concomitant with stomatal closure. Yoshida (1973) reported that higher temperatures increased tiller numbers. Therefore, the increased number of tillers in SLAC1-F461A may be the result of increased leaf temperature caused by stomatal closure. Under greenhouse conditions, the heading date of SLAC1-F461A (96 DAT) was delayed by 15 d compared with that of the WT (81 DAT). A prolonged vegetative period can also cause an increase in tiller numbers.
Discussion
In this study, we examined the role of SLAC1 in stomatal regulation as a function of developmental stage, leaf age and diurnal cycle in rice. Throughout the experimental period, the g s values of the slac1 mutant were predominantly higher than those of the WT plants (Fig. 3) . This result is consistent with our previous study showing that the slac1 mutant had higher leaf g s and rates of photosynthesis compared with WT plants, even in an elevated CO 2 environment (Kusumi et al. 2012) , and suggests that SLAC1 activity is suppressed constantly in the slac1 mutant. As the roles of amino acid residues mutated in the slac1 mutant (R268, A356 and G372) in the regulation of SLAC1 activity remain undefined, it is still possible that slac1 may represent a partial loss-of-function mutation caused by the amino acid substitutions. Likewise, g s values of WT plants were predominantly higher than those of the SLAC1-F461A mutant throughout the period. This is also consistent with previous reports showing that mutation of the phenylalanine residue in the middle of the TM 9 region turned bacterial TehA, Arabidopsis SLAC1 and SLAH2 into an open channel (Chen et al. 2010 , Maierhofer et al. 2014 . Suppression of C i /C a , CO 2 uptake and water loss (Fig. 2) observed in the SLAC1-F461A mutant also suggests that F461 acts as a gate that regulates the SLAC1 anion channel in rice, whereas more detailed analysis (e.g. channel current measurement) would be required to determine the role of this residue.
In all three lines, the g s values were higher at the tillering stage than at other stages of development (Fig. 3) , and the differences in g s between the WT and mutants were significant at this growth stage. Higher g s values at the tillering stage than at other developmental stages have been reported previously for rice (Inoue et al. 1984 , Maruyama and Kuwagata 2008 , Suzuki et al. 2009 ). The stomatal density is greater in late emerging leaves, including flag leaves, than in earlier emerging leaves (Sheehy et al. 2000) . Stomatal densities were shown to be not significantly different between slac1 and the WT (Kusumi et al. 2012) . Therefore, the higher g s at the tillering stage will reflect strict stomatal regulation. Significant differences in g s between the SLAC1 mutants and the WT suggest the importance of SLAC1 activity in stomatal regulation at the tillering stage. In rice, final grain yield is largely determined by the source capacity, which is dictated by leaf area and tiller number, two parameters that are established during the tillering stage. Stomatal regulation to balance CO 2 uptake and transpiration is more important at this stage than during other growth phases.
We detected higher g s values in younger rice plants (Fig. 4) , and this trend has also been reported for other species such as Arabidopsis (Flexas et al. 2007 , Pantin et al. 2013 , spinach (Delfine et al. 1999 ) and wheat (Loreto et al. 1994) . In these plant species as well as in rice, young leaves immediately after full expansion are source tissues that must assimilate CO 2 to support other tissues. A higher demand for photosynthesis in younger leaves will require more vigorous stomatal regulation, which is tightly coupled to SLAC1 activity.
SLAC1-independent mechanisms that generate variations in g s
Diurnal changes in the g s of WT leaves were also observed in the slac1 mutant (Fig. 5) . Lower g s values in the morning and evening compared with those at midday suggest the existence of other mechanisms that compensate for SLAC1 deficiency and generate variations in g s . In fact, stomatal closure in Arabidopsis has been reported to occur even in SLAC1-deficient plants (Negi et al. 2008 , Vahisalu et al. 2008 , Xue et al. 2011 , Merilo et al. 2013 , suggesting that other factors participate in stomatal closure. For example, SLAH3 is a Porometric measurements of g s of mature, uppermost leaves were conducted at 9:00, 13:00 and 17:00 h. Each data point is the average from three individual plants. Different letters above bars indicate significant differences (P < 0.05; one-way ANOVA with Tukey's test).
second S-type anion channel that can mediate stomatal closure (Geiger et al. 2011) . Although SLAH3 expression is significantly weaker than SLAC1 expression (Geiger et al. 2011 ) and occurs dominantly in roots (Zheng et al. 2015) , SLAH3 was able to replace SLAC1 function in the dark as well as in humid conditions (Merilo et al. 2013) . A rapid-type anion channel AtALMT12 (QUAC1) was also reported to be involved in regulating stomatal closure (Meyer et al. 2010) . Although orthologs of SLAH3 and AtALMT12 in rice have not been identified yet, these proteins could possibly compensate for SLAC1 deficiency. Recently, Sun et al. (2015) identified a rice ortholog of Arabidopsis OST1 kinase, OsSAPK8. Their analysis of OsSAPK8-mediated SLAC1 activation suggested that rice SLAC1 is nitrate selective, whereas Arabidopsis SLAC1 is permeable to both nitrate and chloride ions (Geiger et al. 2010) . A recent phylogenetic analysis suggested that rice has two more SLAC1 homologs (Liu et al. 2014 ). Therefore, it is possible that there are other SLAC1 homologs that can mediate chloride efflux in rice. Fig. 3 . Data shown are means ± SD (n = 6). An asterisk indicates a significant difference from the WT (*P < 0.05, **P < 0.01; one-way ANOVA with Tukey's test).
Diurnal changes in the g s of the slac1 mutant may also be explained by changes in the activity of stomatal opening factors. Stomata open and close due to changes in the turgor pressure within the guard cells, which is determined by net inflow and outflow of water (Kinoshita and Hayashi 2011) . The size of the stomatal pore at any given time is the result of these two opposing forces. Therefore, variations in the activity of factors involved in the control of stomatal opening may cause diurnal changes in g s even in plants with defective stomatal closure. For example, H + -ATPase in the guard cell plasma membrane has been reported to play a central role in stomatal opening even in rice (Toda et al. 2016 ). Although diurnal changes in H + -ATPase activity have not been reported, it is possible that the diurnal changes in g s observed in the slac1 mutant are caused by the H + -ATPase and other opening factors. It is also possible that SLAC1 activity remains in the slac1 mutant. As described above, the roles of the three amino acid residues of SLAC1 substituted in the slac1 mutant (R268, A356 and G372) remain undefined. The possibility is not excluded that remaining SLAC1 activity is partly responsible for the reduced g s values in the morning and evening.
Optimizing the balance between CO 2 uptake and water loss by manipulating SLAC1
The photosynthetic rate and water availability are the major determinants of rice growth. Therefore, manipulating stomatal behavior to optimize the balance between CO 2 uptake and transpiration is among the most effective approaches to maximize rice production. Previously, we showed that in well-watered conditions, g s is a major determinant of the photosynthetic rate in rice (Kusumi et al. 2012) , and that inhibition of SLAC1 can result in artificial stomatal opening and enhanced CO 2 uptake. The results of the present study show that manipulation of SLAC1 can also cause stomatal closure. On the other hand, the reduced yields of both the SLAC1-F461A and slac1 mutants indicate the significant contribution of SLAC1 to stomatal regulation, and simultaneously emphasize the need for more accurate manipulation of SLAC1 activity. In vivo site-directed mutagenesis experiments on Arabidopsis SLAC1 suggested that the sites involved in CO 2 -induced S-type anion channel activation differ from those for ABA activation (Yamamoto et al. 2016) . The Y243 and Y462 residues of Arabidopsis SLAC1 are involved in regulating SLAC1 activity during the CO 2 response (Yamamoto et al. 2016) , while S59 and S120 are involved in ABA activation (Brandt et al. 2015) . Our preliminary comparison of SLAC1 genes suggests that these amino acid residues are conserved in Arabidopsis and rice. Therefore, it is possible that certain combinations of amino acid substitutions and mutations in SLAC1 will enhance the rate of CO 2 uptake without decreasing either the water-use efficiency or drought tolerance.
Materials and Methods
Plant materials and treatments
Seeds of WT rice (O. sativa L. cv. TC65) and the slac1 mutant were sown on a commercial soil mixture (Baiyodo) in plastic pots and placed in a growth chamber (Advantec IS-2300) maintained at a temperature of 25 C with constant fluorescent lighting (230 mmol m -2 s -1
). Seedling, grown in the growth chamber for 3 weeks, were transplanted to 20 liter plastic pots and grown in a greenhouse (28 C day/23 C night, relative humidity 70%) under natural sunlight from July to October 2014. The light intensity of sunny days under full sunlight inside the greenhouse was 1,500-1,800 mmol m -2 s -1 .
Vector construction and rice transformation
To fuse the SLAC1 promoter with the GUS coding sequence (pSLAC1::GUS), the 932 bp SLAC1 5 0 -flanking region was amplified from TC65 genomic DNA using the following primers: 5 0 -GAAGCTTGGAAATCAGGAAATTGTATG-3 0 and 5 0 -AATTCTCGAGCCTGCCGCTTGATAGTTGAT-3 0 . The product was inserted into the pIG121Hm binary vector at the HindIII and XbaI sites with a HindIIIXhoI-XbaI adaptor. The construct was transformed into TC65 using Agrobacterium tumefaciens-mediated transformation (Yara et al. 2001 ). To construct SLAC1-F461A, we amplified the SLAC1 cDNA region from -89 bp to +594 bp from the start ATG start codon. The product amplified from rice cDNA by PCR using primers 5 0 -GAAGCTTGGAAATCAGGAAATTGTATG-3 0 and 5 0 -AATTCTCGAGCCTGCCGCTTGATAGTTGAT-3 0 was subsequently cloned into the pPZP2Ha3 (+) vector at the XbaI and BamHI sites placed downstream of the caluliflower mosaic virus (CaMV) 35S promoter (Fuse et al. 2001) . Point mutations of SLAC1-F461A were introduced by point mutagenesis PCR using the following primers: 5 0 -GGTGGTCGTACACGGCGCC GATGACGACGGCG-3 0 and 5 0 -CGCCGTCGTCATCGGCGCCGTGTACGACCA CC-3 0 . The PCR product was digested with 1.5 ml of DpnI (New England Biolabs) and subsequently transformed into Escherichia coli DH5a. After confirmation of the mutation by sequencing, the correct clone was transformed into TC65 as described above.
SLAC1 expression analysis
Histochemical staining of GUS activity in the pSLAC1::GUS transformants was performed as described previously (Negi et al. 2008) . Two-week-old pSLAC1::GUS transformants grown on soil were incubated for 6 h in staining buffer that contained 100 mM sodium phosphate (pH 7.0), 10 M EDTA, 0.5 mM K 4 Fe(CN) 6 , 0.5 mM K 3 Fe(CN) 6 , 0.1% Triton X-100 and 1 mM 5-bromo-4-chloro-3-indolyl-b-D-glucuronic acid.
Measurements of leaf gas exchange
Photosynthetic rate was measured at 40 DAT with the GFS-3000 gas exchange system (Walz) as described previously (Kusumi et al. 2012) . The response of the net CO 2 assimilation rate (A) to calculated intercellular CO 2 concentration (C i ) (A/C i response curves) was measured at a saturating light intensity of 1,500 mmol m -2 s -1
. Leaves were initially stabilized for a minimum of 10-15 min at an ambient CO 2 concentration of 370 p.p.m. before ambient CO 2 was decreased to 200, 100 and 50 p.p.m. before returning to the initial value of 370, and increased to 600, 800, 1000 and 1,200 p.p.m. Leaf g s (mmol m -2 s -1 ) was determined with an AP4 porometer (Delta-T Devices). Measurements of both A and g s were performed in the middle part of the abaxial side of individual leaves attached to the plants, and recordings were taken when A and g s had reached a new steady state.
Stomatal density measurements
Stomatal density was measured using epidermal replicas assessed from uppermost, fully expanded leaves as described (Kusumi et al. 2012 , Kusumi 2013 , and calculated using Â100 magnification and a 0.5 mm Â 0.5 mm mask.
RNA extraction, cDNA synthesis and quantitative RT-PCR RNA isolation and cDNA synthesis were carried out as previously described (Kusumi et al. 2010 , Kusumi et al. 2011 . cDNA was quantified by real-time RT-PCR (MX-3000; Stratagene) using the Brilliant III Ultra-Fast QPCR Master Mix (Agilent) and primers designed from the sequences of SLAC1 (DDBJ accession No. AK106615) and KAT2 (Os01g11250, TIGR accession No. LOC_Os01g11250) (Hwang et al. 2013) . A housekeeping gene UBQ10 (DDBJ accession No. AK101547) was used as an internal control (Jain et al. 2006) . The primer sequences were as follow: 5 0 -TTCCGCGGCTTCCGGTTCTC-3 0 and 5 0 -AGCGCC CTGCTGGTGAAGCA-3 0 for SLAC1; 5 0 -CGAGTTGCAGTCCTGTAGTT-3 0 and 5 0 -TCCACAGATCATAGAGGGC-3 0 for KAT2; and 5 0 -GGCCTTGTATAATCCC TGATGAATAAG-3 0 and 5 0 -AAAGAGATAACAGGAACGGAAACATAGT-3 0 for UBQ10. The PCR conditions were as follows: initial denaturation at 94 C for 3 min; 45 cycles of 94 C for 15 s, 65 C for 15 s and 72 C for 30 s. All experiments were performed in triplicate and the data were analyzed using MxPro software (Stratagene).
Measurement of yield components
Plant height and tiller number were measured at 70 DAT. At the final harvest, we collected plants from three pots, then separated the plants into aerial parts and roots. After air-drying in the greenhouse for 2 weeks, we weighed the aerial parts and counted the number of panicles. The number of filled and unfilled grains was determined and 100-grain weight was calculated.
Supplementary data
Supplementary data are available at PCP online. 
